Left ventricular (LV) perfornance was studied during mild exercise (100 kg-m/min for 3 minutes) in 19 cases of coronary artery disease (CAD). Each patient suffered from a severe anginal syndrome. None had ventricular aneurysm, cardiomegaly, or clinical heart failure. Mean resting values follow: LV end-diastolic pressure (LVEDP), 19 ± 7 mm Hg; LV systolic pressure (LVSP), 150 ± 16 mm Hg; stroke volume index (SVI), 48 ± 10 ml/beat/M2; and LV stroke work index (LVSWI), 81 + 19 g-m/m2. During exercise LVEDP rose to 30±8 mm Hg (P 0.001) and LVS to 160+20 (not significant [NS]); SVI diminished to 46 ± 11 (NS) and LVSWI, to 76 ± 24 (NS). Patients with decreased or asynchronous areas of LV myocardium identified on cine left ventriculograms had higher mean LVEDPs during exercise than did those with normal ventriculograms (34 ± 10 versus 26±4 mm Hg; P 0.05). The difference between responses to exercise of patients who experienced angina during the study and of those who did not was NS. Administration of nitroglycerin reduced the increase in LVEDP during exercise. An abnormality in LV performance-a significant rise in LVEDP without a significant increase in SVI or LVSWI-was observed in 13 of 19 cases of CAD.
T HE DEVELOPMENT of coronary arteriographyl and improved surgical tech-niques2 have led to a more aggressive surgical approach to the therapy of a large number of patients with coronary artery disease (CAD). Thus far the appraisal of the beneficial effects of myocardial revascularization has been confined to (1) evaluation of the clinical relief of angina,2 (2) indirect studies to determine changes in myocardial blood flow,3 (3) cineangiographic demonstration of patency of the internal mammary implant,2 and (4) dem- Read at the meeting of the American Heart Association, San Francisco, October 20 to 24, 1967. 922 Hemodynamic data onstration of reversal of anaerobic metabolism.3 More information is needed regarding the objective evaluation of patients undergoing coronary artery surgery.4 For this reason the present study was designed to evaluate the hemodynamic response of the left ventricle to exercise in cases of CAD and angina pectoris when the patients were considered clinical candidates for internal mammary implantation. Such studies performed preoperatively and postoperatively may provide an additional objective index for the evaluation of myocardial revascularization procedures in individual cases.
Hemodynamic alterations during exercise in cases of CAD have been previously reported.5-11 In particular, Parker and co-workers11 described an increase in left ventricular end-diastolic pressure (LVEDP) during acute coronary insufficiency precipitated by Circulation, Volume XXXVII, June 1968 exercise, Dimond and Benchimol6 noted an increase in LVEDP during exertional angina, and Malmborg8 reported elevations in pulmonary artery wedge pressures during exercise in cases of CAD without cardiomegaly or clinical heart failure.
Methods
Twenty-four patients have been studied: five whose coronary arteriograms were interpreted as normal and who were referred for study for unexplained chest pain, but who had no clinical evidence of heart disease, and 19 who had angina pectoris and significant CAD. The ages in the CAD group ranged from 35 to 63 years (average, 47 years); of the two female patients, one was 40 and the other 57 years old. The ages of the four male "normal" patients were 37, 38, 42, and 52 years, respectively; the one normal female patient was 51 years old. No patient had a cardiothoracic ratio greater than 50% on stereoroentgenograms of the chest or symptoms or signs of congestive heart failure. The resting electrocardiogram (ECG) was normal in seven of 19 CAD cases and the exercise ECG was normal in four of 10 (Mattingly's criteria). 12 The resting ECG revealed QRS changes compatible with an old myocardial infarction in seven cases. Cardiac catheterization, including selective coronary arteriography and cine left ventriculography, was performed for diagnostic purposes in all cases.1 Studies were made in the fasting state and 100 mg of pentobarbital (Nembutal) was given orally for premedication. No patient had received nitroglycerin or a long-acting nitrate within the 12 hours preceding the study. All hemodynamic measurements were made prior to injection of any contrast medium. A no. 6 or 7 Lehman catheter was placed in the pulmonary artery (PA) through the right antecubital vein; a no. 8 Sones catheter, in the left ventricle (LV) through a right brachial arteriotomy; and a needle, in the left brachial artery (BA). Simultaneous pressures were recorded on photographic paper by means of a 7-inch recorder,* a galvanometert (magnetically damped, high performance), and a Statham strain gauge transducer (P-23D series). The cathetermanometer systems used have frequency responses that are flat to 13 cycles/sec. The zero reference point was set at the measured midchest position. Cardiac output (CO) was determined by the indicator-dilution technique with the use of a cuvette oximetert according to the method of Hamilton.13 Indocyanine green was injected into the LV or PA, the sampling site being the BA.
LVEDP was measured at the onset of isovolumic contraction in the LV pressure tracings. In the presence of an a wave the LVEDP was measured at the point where the downslope of the a meets the upstroke of the LV pressure pulse. LV ejection time (LVET), in milliseconds per beat, and mean systolic ejection rate (MSER), in milliliters per second per square meter of body surface, were calculated according to the method of Levine.14 The LV stroke work index (LVSWI) was computed as follows:
x SVI x 0.0144, where LVSP is the mean LV systolic pressure during ejection obtained by planimetric integration, SVI is the stroke volume index, and the factor 0.0144 is a constant to correct for the density of blood and for the conversion of millimeters of mercury (mm Hg) to centimeters of water CO and of centimeters to meters. (SVI = HR X BSA, where HR is heart rate in beats per minute and BSA is body surface area in square meters.)
Other computations included those for the tension time index (TTI) in mm Hg-seconds (TTI = LVSP x LVET) and systemic vascular resistance (SVR) in units (SVR = BA/CO). All measurements of pressure were made during 3 to 6 beats and averaged.
In all cases, the CO and the various pressures were recorded at rest at least 5 minutes after the feet were placed in a bicycle ergometer (Elema) and again after 2 and 3 minutes of mild supine leg exercise (100 kg-m/min). The pedal axis of the bicycle averaged 3 cm above the midchest position.
Two "normal" patients and eight CAD patients were restudied after a 10-minute rest. Measurements were made at rest, 3 minutes after the patient chewed and dissolved 0.4 mg of sublingual nitroglycerin, and during an identical period of exercise started as soon as the resting determinations were obtained. The hemodynamic data were recorded as during the initial exercise.
Only data from patients having complete hemodynamic data relative to all parameters were included for statistical analysis.
A convertible 6-to 10-inch (Sirecon) Siemens tModel XC 5OB; Waters Corporation, Rochester, Minnesota. Co' --_ C 00 C -CO H-00 00 L- (table 1) . Diffuse severe CAD (stenoses greater than 75% in two of the three major vessels) was seen in 16 of 19 cases and localized severe stenosis was confined to one of the three major vessels in three cases. The left ventriculogram was abnormal in eight of 18 cases. These abnormalities were defined as localized areas of decreased or asynchronous contractions observed during cine viewing of the. left ventriculogram and agreed on by at least two of the authors (B.D.M., F.J.H.). Paradoxical pulsations or areas with complete failure to contract were not seen on the ventriculogram of any patient included in this study. Intercoronary and intracoronary collateral circulations were identified in 11 of the 19 cases. Table 1 shows the hemodynamic data for all 24 patients at rest and during exercise, and table 2 summarizes the mean values and standard deviations for the various parameters measured.
The resting LVEDP (supine, feet in bicycle ergometer) was greater than 19 mm Hg in eight of 19 CAD cases. Each patient in the CAD group, except one, was offered a myocardial revascularization procedure. Operation has been deferred in one case because the patient is 63 years old and because a (table  2) . The CAD patients showed significant increases in LVEDP (from 19 ± 7* to 30 + 8 mm Hg, P 0.001), in HR (P ' 0.01), and in BA pressure (P_ 0.05) after exercise. These changes were associated with nonsignificant changes in SVI ( fig. 4) , LVSWI, and MSER.
At rest, CAD patients had higher HR and LVEDP (differences not significant) and higher LVS (P ._0.05), BA pressure (PP . 0.05), and TTI (P_< 0.05) than did "normal" patients. CAD patients developed a higher HR (P._ 0.05), LVS (P _ 0.05), LVEDP (P _ 0.05), and BA pressure (P . 0.05) than did "normal" patients during identical periods of exercise.
Among the 19 CAD patients, 11 who experienced angina during exercise demonstrated no significant hemodynamic difference from the other eight at rest, although they had higher BA pressure (162 ± 17 mm Hg [versus 148± +14]) and LVS (154± +18 mm Hg [versus 144±+11]) than did patients who did not develop angina. During exercise the *Mean and standard deviation. Efect of mild supine leg exercise (100 kg-m/min for 3 minutes) on stroke volume index (SVI).
Sublingual nitroglycerin lowered the LVEDP at rest in both groups of patients, but 40 _ S _ -. S S * CAD o CAD patients after TNG * Normal patients a Normal patients not significantly; there was no significant difference between the "normal" and CAD patients (9 ± 2 versus 8 + 3 mm Hg). There was a significant decrease in the LVEDP during exercise after nitroglycerin in both groups, as compared with that observed during exercise without nitroglycerin (normal patients: 12 + 1 versus 20 ± 2 mm Hg, P < 0.05; CAD patients: 12 + 6 versus 30 + 8 mm Hg, P< 0.05) ( fig. 5 ). After administration of nitroglycerin, the SVI and LVSWI did not change significantly during exercise, for CAD patients or for normal patients. Relationship between changes in left ventricular stroke work index (ALVSWI) and left ventricular enddiastolic pressure (ALVED) induced by exercise (100 kg-mr/min for 3 minutes) in each group of patients. Each line connects changes in LVSWI and LVED pressure that occurred during exercise. from 13 to 16 and 11 to 18 mm Hg, respectively. These levels of resting LVEDP should not be compared with the normal LVEDP range with the feet down.'5 In previous studies on the hemodynamic response of the left ventricle to exercise, the position of the feet during resting measurements was not mentioned.11 1" Increases in PA pressure, pulmonary capillary wedge pressure, and LVEDP have been noted during spontaneous episodes of angina in cases of CAD.5, In the present study, the most striking finding was the marked increase in the LVEDP during mild supine leg exercise. Ross and co-workers"' have stated that the normal response of the LV to exercise is characterized by a fall, no change, or a minimal increase (_i 2 mm Hg) in the LVEDP. However, Parker and co-workers"l noted an increase in LVEDP in all but two normal patients during exercise; in four cases LVEDP increased to more than 16 mm Hg (17, 17, 18, and 19, respectively) . In the present study, all of the "normal" patients had a rise in LVEDP during exercise Circulation, Volume XXXVII, June 1968 ( fig. 1 ), the highest value being 23 mm Hg.
In general, CAD patients with the higher resting values for LVEDP attained the higher pressures during exercise ( fig. 1 ). Associated with the increase in LVEDP was an increase in LVS ( fig. 3) and BA pressure. The increase in LVS did not seem definitely to precede the rise in LVEDP in the three cases in which this was carefully analyzed. The rise in systolic pressure was not consistently proportional to the rise in LVEDP, and in one case in which angina developed during exercise (case 3), the LVEDP rose from 15 to 35 mm Hg while the LVS decreased from 145 to 138 mm Hg. These findings are contrary to those of Cohen and co-workers10 who found that the patients who developed angina during exercise had minimal rises in LVEDP and then only when associated with increases in hypertension of the left ventricle. These discrepancies are hard to reconcile, and it is possible that differences in selection of patients for study may be important.
The findings in this study support those of Parker and co-workers" who found an increase in LVEDP and of Muller and R0rvik5 and Malmborg8 who noted increases in PA wedge pressure in cases of CAD during exercise. Our studies are to be contrasted to those of Parker and co-workers"' in that their patients were exercised at a predetermined load which produced angina, whereas our patients were all exercised at the same mild level (100 kg-mimin), as reflected by the slight alterations in heart rate. This mild level of exercise has been well tolerated by most patients with CAD and angina pectoris in our experience.
The LVEDP increased in cases of significant diffuse CAD within the first 2 minutes of exercise without an associated increase in LVSWI ( fig. 7 ) or SVI. Dimond and co-workers20 have suggested that the elevation in LVEDP seen in cases of CAD during exercise or bouts of angina may not represent our previous general concept of LV failure but may reflect an alteration in LV compliance during ischemia. Remarkable increases in the a wave in the LV pressure pulse were seen in our study during exercise during periods of spontaneous an observations have supported those and Gorlin2' and Herman and asso4 which zones of decreased or asy contractions seen on left ventriculog or without gross scarring being cl visible at operation, have been relk teriographically demonstrated are chemia.
The changes in SVI ( fig. 4 ), Cl and PA pressure seen in cases of C exercise are similar to those describ vious workers.7-10
The mean PA (PA) pressure has in the past to reflect indirectly the pressure5 8, 17, 19, 23 in the absence nary vascular disease or pulmona obstruction. PA pressures were re 12 cases simultaneously with the L 31 instances, at rest and during ex( 8). Although exceptions did occur, the relative changes in PA pressu exercise correlated well with the (correlation coefficient = 0.86). Alt PA pressure should not be used as a for absolute determinations of LVI tive changes in PA pressure durin in individual cases may prove useful, indirect-/ , ly, for study of LV performance when the LV cannot be entered for direct pressure / ' measurements. The abnormal response of the LV to exercise was less marked after the administration of nitroglycerin, only a small increase in LVEDP occurring (fig. 5 ). This relative im-.860 x provement in LV function was also noted by Parker and co-workers" during studies involving direct measurement of LV pressures and by Najmi and co-workers23 and Muller 
